Degradation of textile dyes by cyanobacteria  by Dellamatrice, Priscila Maria et al.
ED
P
L
a
b
c
a
A
R
A
A
A
O
K
D
T
D
C
D
I
S
m
t
B
h
1
Bb r a z i l i a n j o u r n a l o f m i c r o b i o l o g y 4 8 (2 0 1 7) 25–31
ht tp : / /www.bjmicrobio l .com.br /
nvironmental Microbiology
egradation  of  textile  dyes  by cyanobacteria
riscila Maria Dellamatricea, Maria Estela Silva-Stenicob,
uiz Alberto Beraldo de Moraesc, Marli Fátima Fioreb, Regina Teresa Rosim Monteiroa,∗
Centro de Energia Nuclear na Agricultura, Laboratório de Ecologia Aplicada, Piracicaba, SP, Brazil
Centro de Energia Nuclear na Agricultura, Laboratório de Biologia Celular e Molecular, Piracicaba, SP, Brazil
Universidade de São Paulo, Departamento de Química, Ribeirão Preto, SP, Brazil
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 31 October 2015
ccepted 20 July 2016
vailable online 10 October 2016
ssociate Editor: Valeria Maia de
liveira
eywords:
yes
oxicity
iscoloration
yanobacteria
egradation
a  b  s  t  r  a  c  t
Dyes are recalcitrant compounds that resist conventional biological treatments. The degra-
dation of three textile dyes (Indigo, RBBR and Sulphur Black), and the dye-containing liquid
efﬂuent and solid waste from the Municipal Treatment Station, Americana, São Paulo, Brazil,
by  the cyanobacteria Anabaena ﬂos-aquae UTCC64, Phormidium autumnale UTEX1580 and Syne-
chococcus sp. PCC7942 was evaluated. The dye degradation efﬁciency of the cyanobacteria was
compared with anaerobic and anaerobic–aerobic systems in terms of discolouration and
toxicity evaluations. The discoloration was evaluated by absorption spectroscopy. Toxicity
was  measured using the organisms Hydra attenuata, the alga Selenastrum capricornutum and
lettuce seeds. The three cyanobacteria showed the potential to remediate textile efﬂuent
by  removing the colour and reducing the toxicity. However, the growth of cyanobacteria
on  sludge was slow and discoloration was not efﬁcient. The cyanobacteria P. autumnale
UTEX1580 was the only strain that completely degraded the indigo dye. An evaluation of
the  mutagenicity potential was performed by use of the micronucleus assay using Allium sp.
No  mutagenicity was observed after the treatment. Two metabolites were produced during
the  degradation, anthranilic acid and isatin, but toxicity did not increase after the treat-
ment. The cyanobacteria showed the ability to degrade the dyes present in a textile efﬂuent;
therefore, they can be used in a tertiary treatment of efﬂuents with recalcitrant compounds.©  2016 Sociedade Brasileira de Microbiologia. Published by Elsevier Editora Ltda. This is
an  open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
discharge of waste dye efﬂuent, since these substances mayntroductionynthetic dyes are recalcitrant molecules that constitute the
ain residue found in the efﬂuent of the textile dyeing indus-
ry. Acute toxicity tests showed that most textile dyes are
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resulting long exposure time is of particular concern for theaboratório de Ecologia Aplicada, C. P. 96, 13400-970 Piracicaba, SP,
exhibit chronic effects such as mutagenic damage and car-
cinogenicity towards biota.2,3 Several authors reported that
dye discharges from textile processing plants were the major
lsevier Editora Ltda. This is an open access article under the CC
.
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contributors to the mutagenic activity found in Brazilian
rivers.4,5
In some textile dyeing operations, as much as 15% of the
dyes used do not attach to the ﬁbres, so they are lost to
wastewater,6 and the resulting coloured efﬂuents can repre-
sent a serious water pollution problem due to their colour
content and toxic components. The usual efﬂuent treatment
involves biological systems like activated sludge; however,
conventional treatment has not efﬁciently removed the efﬂu-
ent dye due to the recalcitrant nature of the dyes and the
diverse composition of the efﬂuent.7 A tertiary treatment
of efﬂuents is recommended for the removal of nutrients
and recalcitrant substances, which is done mainly by sev-
eral algae species. Studies have shown the ability of some
algae to degrade dyes,8–11 making tertiary treatment a viable
possibility for the efﬁcient degradation of these compounds.
Vyayakuma and Manoharau12 studied the degradation by
indigenous cyanobacterium species of a textile efﬂuent con-
taining the dyes remazol and venyl sulfone and observed
not only colour removal, but also reduction in the levels
of the inorganic compounds such as nitrites, phosphates,
ammonia, calcium and magnesium. The main cyanobac-
terium strains reported to be responsible for the removal
of nutrients and chemicals from the industrial efﬂuents
were Westiellopsis sp., Lynghya sp., Oscillatoria sp. and Chlorella
sp.12–15
The environmental problem caused by hazardous dyes is
particularly important in the Municipal Treatment Station of
Americana, SP, Brazil, which is responsible for the treatment
of efﬂuents from 43 textile plants as well as city sewage. Peri-
odic releases of liquid efﬂuent from this treatment station
were carried to the Piracicaba River, a domestic water source
for cities downstream. The biological treatment employed is
efﬁcient for BOD removal, but the colour persists after the
treatment, making this treatment insufﬁcient to remove the
contaminants from the efﬂuent. In the present study, three
strains of cyanobacteria, Anabaena ﬂos-aquae UTCC64, Phormid-
ium autumnale UTEX1580 and Synechococcus sp. PCC7942 were
evaluated for their ability to degrade three different dyes: RBBR
(Remazol Brilliant Blue R), indigo and sulphur black, and also
the dye-containing liquid efﬂuent and solid waste from the
Municipal Treatment Station of Americana (SP, Brazil) contain-
ing those dyes.
Materials  and  methods
Cyanobacterial  strains
The cyanobacteria were ﬁlamentous heterocystous A. ﬂos-
aquae UTCC64, the ﬁlamentous non-heterocystous P. autum-
nale UTEX1580, and unicellular Synechococcus sp. PCC7942,
all from the Culture Collection of the Centro de Energia
Nuclear na Agricultura – CENA/USP. These strains were chosen
based on a study by Fiore and Trevors16 on the bioremedi-
ation of metals by the cyanobacterium, in which the three
selected strains had the highest detoxiﬁcation capability. The
organisms were maintained in ﬂasks containing 50 mL  of AA
medium17 for A. ﬂos-aquae UTCC64, or BG-11 medium18 for
P. autumnale UTEX1580 and Synechococcus PCC7942; 1 mL  fromo b i o l o g y 4 8 (2 0 1 7) 25–31
these seven day cultures was used to inoculate the different
treatments.
Textile  waste  sampling
Liquid efﬂuent was sampled (3 L) after biological treatment
(biological ﬁlters) and the sludge also was sampled (3 kg)
after aerobic-anaerobic treatment in the Municipal Treat-
ment Station of Americana, SP, Brazil. Samples were kept
at 4 ◦C until use. Both of these residues still contained a
high amount of organics after the treatment, and remained
strongly-coloured.
Dye  discoloration  by  cyanobacteria
The synthetic dyes RBBR [(Remazol Brilliant Blue R) purchased
from Sigma (Sigma–Aldrich, St. Louis, MO, USA)], indigo and
sulphur black (Bayer, São Paulo, SP, Brazil), were added at a
concentration of 0.02% (m/v) to Erlenmeyer ﬂasks containing
50 mL of AA or BG-11 culture media. Each ﬂask was inoculated
with 1 mL of the cyanobacterium culture medium, in tripli-
cate. The efﬂuent and the solid waste, which were diluted
to a concentration of 10% in an AA or a BG-11 media, were
treated in the same way as the dyes. All of the treated ﬂasks
were incubated for 14 days at 25 ◦C with constant ﬂuores-
cent illumination (4000 ± 10% lux). Control experiments were
conducted in light and dark conditions in the absence of
microorganisms to evaluate the effect of photodegradation.
The discoloration was evaluated by absorption spectroscopy.
The absorption maximum for each dye was 680 nm (indigo),
595 nm (RBBR) and 454 nm (sulphur black). The samples were
centrifuged at 10,000 × g for ﬁve min  and the colour reduction
was based on a standard curve comparing dye concentra-
tion in the treatments in relation to non-inoculated control
ﬂasks.
An anaerobic–aerobic degradation system was also eval-
uated for dye discoloration in the liquid wastewater. The
anaerobic conditions were obtained by completely ﬁlling the
triplicate 150 mL  penicillin bottles with the efﬂuent, and
sealing them with rubber tops in a CO2 atmosphere. The bot-
tles were kept for 15 days at 28 ◦C in the dark. Then, the
bottles were opened and 50 mL  of efﬂuent was transferred
to sterilized Erlenmeyer ﬂasks and re-enriched with 1 mL
of inoculum obtained from a fresh efﬂuent. This inoculum
was prepared through centrifuging (2000 × g) 100 mL  of fresh
efﬂuent and resuspending the pellets in salt solution (0.85%
NaCl). The ﬂasks were incubated aerobically for 15 days at
28 ◦C.
Toxicity  evaluation  of  the  treated  efﬂuent  and  sludge
The toxicity of the efﬂuent and sludge was evaluated using
the bioindicator organisms Hydra attenuata, the green algae
Selenastrum capricornutum and root growth of Lactuca sativa
seedlings. These organisms are maintained at CENA/USP and
19bioassays were conducted as described by Trottier et al.,
Blaise et al.,20 and Dutka,21 respectively. The 50% inhibitory
concentrations (IC50) were determined for each sample using
the program EcoTox-Statistics Version 1.1.
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iodegradation  of  the  indigo  dye  by  Phormidium  in  the
ioreactor
he biodegradation of indigo dye by P. autumnale UTEX1580,
he strain that showed the highest percentage of indigo dis-
oloration in the previous tests, was further studied in a 15 cm
ide, 60 cm high, 6 L bioreactor. In preparation for the inocula-
ion, P. autunmnale was grown previously in 500 mL  of a BG-11
edium for 14 days. The bioreactor received constant aer-
tion and illumination by four vertically placed lamps. The
ndigo dye was added to a concentration of 0.02% in the BG-
1 culture medium. The control was kept in the dark at 4 ◦C.
amples were collected on days 2, 4, 7, 14, 15, 16, 17, 18
nd 19 for absorption spectrophotometry analyses (583 and
80 nm)  and toxicity bioassays with Hydra attenuatta.  Biodegra-
ation was monitored by mass spectrometry analysis using
 hybrid quadrupole time-of-ﬂight (Q-TOF) high resolution
7000) and high accuracy (5 ppm) Q-TOF mass spectrometer
Micromass, Manchester, UK) equipped with an electrospray
on source (ESI). The conditions for the positive ESI were:
itrogen gas desolvation at 180 ◦C, capillary held at a poten-
ial of 3.5 kV and a cone voltage 25 kV. Growth cultures were
entrifuged at 10,000 × g for 10 min  and the supernatant was
ixed with 0.5 mL  of methanol: formic acid 1% (50:50, v/v)
nd introduced into the ion source at 5 L min−1 with a
yringe pump. During the ﬁnal incubation period (19 days), the
yanobacteria-incubated medium was assessed for its muta-
enicity potential using the Allium sp. micronucleus assay as
escribed by Fernandes et al.22 and toxicity by the Hydra bioas-
ay.
esults
ye  discoloration  by  cyanobacteria
he Cyanobacterium Phormidium was able to decolorize the
ndigo dye extensively (91%), but was not able to decolorize
he sulphur black and RBBR dyes. Low discoloration was
roduced by Synechococcus for all three dyes and Anabaena
as able to degrade the indigo, but the discoloration per-
entage was lower than for Phormidium (Table 1). The
ulphur black was decolorized by Anabaena,  which pro-
uced only a partial degradation. The three strains tested
ere able to remove the efﬂuent colour, but for Synechococ-
us a decrease in absorption was not detected because
he absorption measures were affected by the green colour
f the cultures (Table 1). Phormidium caused more  colour
emoval than Anabaena and, for Synechococcus,  visual discol-
ration seemed higher than the methodology was able to
etect.
For the anaerobic–aerobic system, 17% and 33% discol-
ration was obtained after anaerobic treatment and the
ombined anaerobic–aerobic one, respectively. The anaero-
ic degradation resulted in colour removal, but produced an
fﬂuent with high turbidity, which was removed by aerobic
egradation. These compounds require the presence of a com-
ination of anaerobic and aerobic conditions for complete
egradation, since they are very complex and recalcitrant due
o their xenobiotic character. i o l o g y 4 8 (2 0 1 7) 25–31 27
Toxicity  tests  on  the  efﬂuent
The cyanobacterium treatment was able to reduce the efﬂuent
toxicity and showed degradation of the compounds present
in the efﬂuent. There was growth inhibition of the organism
Selenastrum in the light and dark controls; however, there was
no growth inhibition in the efﬂuent treated by the cyanobac-
terium strains.
In the lettuce seeds test, toxicity was reduced after the
treatment too, as demonstrated by a lack of root growth
inhibition after the cyanobacterium treatment. The IC50 deter-
mination (concentration that inhibited 50% of the organism
growth) was possible only for the dark control (IC50 = 95%),
whereas other treatments showed less than 50% inhibition at
the maximal concentration (Table 2).
In the Hydra test, a higher LOEC and NOEC were observed
after treatment with the three strains. Since LOEC is deﬁned as
the low observed effect concentration and the NOEC is deﬁned
as the no observed effect concentration, the cyanobacterium
treatment results in a toxicity reduction for the organisms
(Table 2).
In the sludge, the Phormidium treatment caused an increase
in the toxicity (Table 2), whereas the Anabaena presented the
highest toxicity reduction in the lettuce seeds test. The slight
toxicity reduction shown in the sludge by Phormidium and Syne-
chococcus in the Hydra test (Table 2) means that although the
algal growth was slow, some degradation did occur. The sludge
detoxiﬁcation was lower than that of the efﬂuent, demonstrat-
ing that this residue is more  resistant to the degradation and
that the cyanobacteria strain with more  efﬁciency in sludge
detoxiﬁcation is different than the most effective one for the
efﬂuent, since Anabaena showed more  sludge detoxiﬁcation
than Phormidium.
There was more  toxicity in the dark control than in the
light one suggesting that photodegradation contributed to the
detoxiﬁcation process in such conditions.
Toxicity  tests  for  the  anaerobic–aerobic  system
For the Hydra test, there was no reduction in toxicity after
anaerobic treatment in comparison with the control. However,
a complete detoxiﬁcation occurred after anaerobic–aerobic
treatment, showing the toxic compounds were removed only
after anaerobic–aerobic treatment.
The algal test demonstrated the same results; no toxicity
reduction after anaerobic treatment and complete detoxiﬁca-
tion after the anaerobic–aerobic one (Table 3). No toxicity was
observed in the lettuce seeds test for any of the treatments,
not even for the efﬂuent control.
Biodegradation  of  the  indigo  dye  in  a  bioreactor
The indigo dye biodegradation by Phormidium was demon-
strated by complete discoloration after 19 days of incubation.
Colour removal was enhanced after 14 days, showing that a
period of acclimatization was necessary. After 19 days there
was no more  colour left. The cultured cells adhered to the
bioreactor wall, leaving a bioﬁlm formation that adsorbed
some of the indigo dye. Dye discoloration is shown in Fig. 1.
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Table 1 – Percentage of efﬂuent and sludge discoloration by cyanobacteria after 14 days incubation at 25 ◦C.
Treatment Indigo RBBR Black sulphur Efﬂuent Sludge
Dark control 0 ± 0.001 0 ± 0.001 0 ± 0.001 0 ± 0.001 0 ± 0.001
Light control 56.14 ± 0.057 4.0 ± 0.001 29.41 ± 0.002 12.90 ± 0.006 39.28 ± 0.006
Anabaena sp. 71.92 ± 0.057 0 ± 0.001 42.12 ± 0.006 23.87 ± 0 8.33 ± 0.001
Phormidium sp. 91.22 ± 0.057 10.62 ± 0.011 0 ± 0.001 28.38 ± 0.001 0 ± 0.002
Synechococcus sp. 0 ± 0.002 11.53 ± 0.009 0 ± 0.002 1.29 ± 0 0 ± 0.002
± Standard deviation.
Table 2 – Percentage concentration corresponding to NOEC and LOEC for Hydra and IC50 for the lettuce seeds tests
conducted with the efﬂuent and sludge that had been incubated with cyanobacteria for 14 days at 25 ◦C.
Treatments Hydra test Seeds test
NOECa LOECb IC50c
Efﬂuent Sludge Efﬂuent Sludge Efﬂuent Sludge
Dark control 6.25 6.25 12.5 3.12 94.98 17.28
Light control 12.5 6.25 25 3.12 0 51.52
Anabaena sp. 25 6.25 50 3.12 0 55.37
Phormidium sp. 50 12.5 n.e.d 6.25 0 6.23
Synechococcus sp. 25 12.5 50 6.25 0 23.89
a NOEC, no observed effect concentration.
b LOEC, low observed effect concentration.
s.c IC50, concentration that caused 50% inhibition of the test organism
d n.e., no effect.
Metabolite  analysis
The parental indigo molecule was detected only until the
18th day, showing that the dye was completely degraded by
Phormidium and that the degradation occurred over the same
period that a complete discoloration was observed in the
bioreactor. After the 17th day of incubation, two metabolites
appeared and were identiﬁed as anthranilic acid (m/z 399) and
isatin or indole-2,3-dione (m/z 421); therefore, the degradation
of the indigo molecule was not complete. In that study, both of
the metabolites were detected until the 19th day, which means
they were not fully degraded during the assessment period.
In accord with Campos et al.,23 the ﬁrst step of indigo
degradation is oxidative cleavage of the central bond, which
produces isatin as a metabolite. Isatin might undergo
hydrolysis and decarboxylation to produce anthranilic acid
(Fig. 2).
Table 3 – Percentage concentration corresponding to
NOEC and LOEC for the Hydra toxicity test and the IC50
for the Algal test after anaerobic and anaerobic–aerobic
treatment.
Treatment Hydra  test Algal test
NOECa LOECb EC50c
Control 12.5 25 73.35
Anaerobic 12.5 25 70.39
Anaerobic–aerobic 50 100 0
a NOEC, no observed effect concentration.
b LOEC, low observed effect concentration.
c IC50, concentration that caused 50% effect on the test organisms.The  Hydra  bioassay
No toxic effects were detected in the Hydra bioassay from the
control indigo dye, or after the dye treatment by Phormidium.
Analyses performed during the incubation period showed that
no toxic products were formed during the period studied. The
presence of the metabolites isatin and anthranilic acid did not
result in an increase in toxicity, suggesting that the Phormidium
treatment of indigo is a plausible treatment.
The  micronucleus  assay
No mutagenicity effect was observed in the micronucleus
assay for the indigo control or following the cyanobacterium
treatment; the rate of micronucleus formation was the same
for both of the treatments and for the water control. Micronu-
clei can spontaneously form due to an unequal distribution
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Fig. 1 – Percentage of indigo discoloration by Phormidium in
the bioreactor. Standard deviation: 0.05.
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f genetic material during the cell cycle.24 However, there was
n increase in some chromosomal aberrations, such as adher-
nces, bridges, polyploidy cells and late chromosomes in the
ndigo control and following cyanobacterium treatment com-
ared with the mineral water control (Figs. 3 and 4).
These abnormalities constitute signs of mutagenicity that
ndicate an initial stage of DNA damage in the presence of
he dye, but that did not result in mutagenicity at the tested
ye concentration as demonstrated by no increase in micro-
ucleus formation.
The frequency of cell division for the indigo and cyanobac-
erium treated medium was higher than for the mineral water,
epresenting an increase in root growth probably because of
he high amount of nitrogen and phosphorus present in the
G-11 medium.iscussion
yanobacteria-induced discoloration and detoxiﬁcation of the
fﬂuent was observed for each of the three cyanobacteria in
Fig. 3 – Mutagenicity signs in the indigo control: (A) micronue indigo dye by Phormidium.
this study. These results showed that cyanobacteria were able
to reduce the pollutant load of the efﬂuent. The degradation
of dyes by cyanobacteria is species-dependent, since P. autum-
nale UTEX 1580 more  efﬁciently degraded the indigo dye and
A. ﬂos-aquae UTCC64 was superior in the case of the sulphur
black. A. ﬂos-aquae UTCC64 was the most efﬁcient strain for
sludge decolouration and detoxiﬁcation. However decoloura-
tion of the sludge was not signiﬁcant, probably because this
residue contained more  insoluble hydrophobic compounds
than did the efﬂuent. A combination of more  than one method
might improve the degradability of this dye-containing
waste, since photodegradation was detected in the dye
control.
It seems that ﬁlamentous species as P. autumnale UTEX 1580
can break down the dye more  efﬁciently, since the dye pene-
trates the ﬁlaments, which increases the contact between the
microorganism and the compound. Although no experiments
were performed speciﬁcally to investigate the biosynthetic
mechanisms of indigo degradation using cyanobacteria, it
seems main mechanism must be enzyme-mediated, since in
the control no metabolites were formed.
cleous; (B) adherence; (C) late chromosomes; (D) bridge.
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Fig. 4 – Mutagenicity signs following the indigo dye Phormidium treatment: (A) polyploidy; (B) bridge; (C) late chromosomes;
(D) adherence.Phormidium sp. was able to degrade several dyes of different
chemical classes. In a study by Shah et al.,9 the cyanobac-
terium Phormidium valderianum discoloured up to 90% of Acid
Red, Acid Red 119 and Direct Black 155 dyes. When the pH
was strongly alkaline, an increase in discoloration occurred,
which is a very common condition in textile efﬂuents due
to the addition of NaOH during the dyeing process. Another
strain, P. ceylanicum, also was found to degrade Acid Red 97 and
FF Sky Blue dyes by up to 80% after 26 days.10 Silva-Stenico
et al.25 observed greater than 50% degradation of the indigo
dye and six other structurally different dyes by the Phormid-
ium sp. and two another cyanobacterium strains, Synechococcus
sp. and Leptolyrigbya sp. Dye decolourization by Anabaena was
studied by Queiroz and Stefanelli26 for Blue Drin dye, and they
showed 81% colour removal.
The structure of the compound also appears to be a very
important factor. In spite of the fact that the three dyes are
very recalcitrant, the dyes sulphur black and Remazol Bril-
liant Blue have very uncommon molecular structures, which
confer a high xenobiotic character and greater resistance to
degradation.27,28 In a study by Jinqi and Houtian,8 dye discol-
oration was correlated with the molecule structure and the
recalcitrance was increased for dyes containing radicals such
as nitro and sulphur groups, as is the case for sulphur black
and Remazol Brilliant Blue.
Degradation of indigo dye by P. autumnale UTEX 1580
resulted in the formation of two metabolites, isatin and
anthranilic acid, which arise after the disappearance of indigofrom culture media showing that the degradation was incom-
plete. Toxicity did not increase with the formation of these
metabolites, making the treatment of indigo by P. autumnale
UTEX 1580 a plausible treatment. The mutagenicity test with
Allium cepa also did not demonstrate a mutagenic effect after
the indigo degradation.
These metabolites were not degraded during the period of
assessment by P. autumnale UTEX 1580 in a pure culture. How-
ever, these metabolites are less complex than the parental
indigo molecule and its degradation in the environment by
other microorganisms may occur more  readily. In a tertiary
treatment, the presence of mixed algae populations might
cause the removal of these metabolites in a possible sequen-
tial degradation process by a consortium of algae strains for
complete degradation of the indigo dye.
The three cyanobacteria strains evaluated, showed poten-
tial to remediate textile efﬂuent and reduce the pollutant
load. However, the cyanobacteria treatment of sludge was
less efﬁcient than for the efﬂuent, probably due to the high
complexicity of the sludge. The cyanobacterium P. autumnale
UTEX 1580 completely degraded the indigo dye into secondary
metabolites, which were not toxic. Further studies using a
mixed culture of algae, instead of a pure culture, should be per-
formed to achieve complete degradation. Algae can be used for
removal of toxic dyes in a tertiary treatment using facultative
lagoons, mainly to improve the efﬂuent quality when these
recalcitrant compounds are not removed in the secondary
treatment.
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